A defect chemical model for the behavior of acceptor and donor-doped LaFeO 3 as a function of oxygen pressure is proposed. The nonstoichiometric deviation is calculated as a function of oxygen partial pressure, pO 2 , at different temperatures. The defect structure of complex oxides is described within the point defects approach.
Introduction
Iron-containing oxide phases with ABO 3 perovskite structure attract significant attention as electrodes of solid oxide fuel cells (SOFCs) and dense ceramic membranes for partial oxidation of light hydrocarbons (Anderson, 1992) . Several useful properties of these perovskite-type oxides such as electrical conductivity and electron emission are the result of their nonstoichiometry and electronic structure. Defect structure of strontium or calcium substituted lanthanum La 1Àx M x M'O 3Àd (M: Sr, Ca and M': Co, Cr) has been extensively studied previously (Mizusaki et al., 1989; Petrov et al., 1995; Lankhorst et al., 1997; Omari et al., 2004 Omari et al., , 2005 . The high stability of the perovskite structure allows the partial substitution of A and B site cations by other metals with different oxidation state, and consequent creation of structural defects such as anionic or cationic vacancies. Particularly, the nature and the amount of the substituent at position A can stabilize the unusual oxidation states for the B cation and/or generate anionic vacancies in the solid (Leanza et al., 2000) .
The oxide-ion conductivity of perovskite oxides is directly dependent on the extent at which oxygen vacancies are formed in their lattice. Therefore, the measurement of oxygen deficiency can give valuable information that can assist in the evaluation of these oxides for potential applications.
For these purposes, the conduction behavior under low oxygen pressures must be investigated, if an appreciable electronic conduction arises as a result of defect equilibrium at low pO 2 . Its electrical conductivity is determined by the concentration of present defects in the system. Few years ago, Spinolo et al. suggested a general mathematical method to calculate defect concentrations but without application to actual oxides (Spinolo and Anselmi-Tamburini, 1995; Spinolo et al., 1997) . A few years later, Poulsen (1999) proposed a mathematical approach to calculate the concentration of different species in La 1Àx Sr x MnO 3Àd system.
This study focuses on the analysis of defect formation processes in Ln 0.5 Sr 0.5 Fe O 3Àd (LnSF55; Ln: La, Pr) selected as a model perovskite phase where the concentrations of lanthanide and strontium cations in the A sublattice are similar. The purpose of the present work is to establish a point defect model equilibrium for LnSF55 using the nonstoichiometry data (Kharton et al., 2007) . The present defect model allows us to interpret the thermogravimetric results in which oxygen vacancies are assumed for the oxygen deficient condition. The relationship between the obtained results and those of conductivity, seebeck coefficients measurements (Kharton et al., 2007; Tsipis et al., 2005) will also be discussed. Finally, from equilibrium constants, thermodynamic quantities such as partial molar enthalpy and entropy change for the oxygen dissolution in the lattice are calculated.
2. Defect chemical model for Ln 0.5 Sr 0.5 FeO 3
The defect model proposed here is considered within the regime that corresponds to oxygen deficit. Only one sublattice is assumed to be defected. Reduction of this system leads to an oxygen deficit in the oxygen sublattice. Interactions between defects and interstitial oxygen are neglected. This model is a random point defect model, based on the presence of two oxidation states of ferrite Fe 4+ and Fe 3+ that are populated in various proportions depending on the temperature, partial pressure of oxygen. This approach consists of the treatment of the electronic defects (electrons and/or holes) as localized on the iron sites. It does not take into account activity coefficients of all present species. The oxygen nonstoichiometry assumes negative values, which is explained by the presence of oxide ion vacancies.
For the treatment of point defects in this system we chose the ''Kro¨ger-Vink notation'' (Kro¨ger and Vink, 1956 ). Therefore we define vacancies as particles that occupy a defined site in a crystal and that may have a charge. Sites in a crystal are the points where the atoms or the vacancies may be. For a crystal composed of two kinds of atoms we have, for example, the ''cationic-sites'' and the ''oxygen-sites''. A point, a negative charge, marks the positive excess charge by a dash to distinguish this relative charge from the absolute charge. Adopting this type of notation we obtain on the whole a set of independent equations containing the 4 concentrations of the different species, these are: -The charge-neutrality condition leads to
Vo¨denotes an oxygen vacancy.
-The value of [Sr 0 ] is given by the nominal A-site (lanthanum site) composition x. That is
Because this solid solution is an oxygen deficient type, we have
The nonstoichiometry can be described by the following defect reaction: 
The Law of Mass Action gives the equilibrium constants Kr and Ki for the reactions (4) and (5), respectively:
In order to maintain a fixed A/B ratio, the following equation must be maintained:
Kro¨ger-Vink notation is used with La(III) Fe(III) O 3 as the reference state. The experimental nonstoichiometry data as a function of pO 2 are fitted to Eqs. (6) and (7) taking equilibrium constants as fitting parameters.
Results and discussion
The simulations are normally made for an interval [Vo¨] which corresponds to the experimental data. Solutions are normally generated for a pO 2 range from 10 À6 to 1 atm. The equilibrium constants used in the following are calculated using nonstoichiometric values TG-data (Kharton et al., 2007) .
Defect concentrations
For the comparison, we chose to present the concentration of all species as a function of pO 2 in the same defect diagram. Fig. 1 shows the defect diagram for LSF55 (La 0.5 Sr 0.5 FeO 3Àd ) and PSF 55 (Pr 0.5 Sr 0.5 FeO 3Àd ) with all kinds of vacancies and metals.
At high pO 2 , Fe 3+ ions are oxidized in Fe 4+ and holes are the dominant defects. The electron concentration decreases while the hole concentration becomes comparable to the point defect concentration. Charge neutrality can only be maintained by decreasing the positively charged metal and increasing the positively charged vacancies.
But in the most reduced region, oxygen vacancies concentration becomes higher than electrons. They are practically constant in the low pO 2 range until 10 À5 atm where they start to decrease. The concentration of holes becomes low and charge neutrality can only be maintained by decreasing the negatively charged metal and increasing the positively charged vacancies.
We can identify the point of the integer valence, which is the stoichiometric situation when the electronic defects compensate each other, [Fe 2+ ] = [Fe 4+ ] which occurs at pO 2 near 10 À10 and 10 À12 atm for PSF55 and LSF55, respectively. Around the stoichiometric point, the acceptor is compensated by oxygen vacancies which may change a little. This means that the electron and hole concentration have to change exactly by the same amount in order to maintain charge neutrality.
Nonstoichiometry study
Figs. 2-4 show the variation of oxygen non-stoichiometry d as a function of temperature and oxygen partial pressure for PSF55 and LSF55. The solid lines present the calculated curves using Eqs. (6) and (7). A good agreement with the experimental TG data (Kharton et al., 2007) was obtained. This result confirms the validity of the proposed defect model for Ln 0.5 Sr 0.5 FeO 3 . For all cases, d increases with increasing temperature while it decreases with increasing oxygen partial pressure. It is clear that it is much easier to form oxygen vacancy at high temperature. The same behavior was found in LSCF (Wang et al., 2003) and (La, Sr) (Cr, M) O 3Àd (M = Ti, Mn and Fe) system (Oishi et al., 2008) . The absence of phase transitions at pO 2 = 10 À6 -1 atm is indicated by the smooth behavior of the d versus pO 2 dependencies -no stepwise changes peculiar to two-phase mixtures are observed in this pO 2 range. This indicates clearly the presence of a single phase in the considered range of oxygen pressure.
For the comparison we have presented for the same content in A and B sites and temperature oxygen content for LSC55 and PSF55 at two temperatures ( Figs. 3 and 4) . Samples LSF55 are more stable than PSF55 at two temperatures. This indicates that incorporation of Lanthanum in A sites decreases oxygen vacancy concentration and increases stability of the oxide. This is due probably to interactions of La for oxygen which is more important than in the case of Pr.
Electrical conductivity
Depending on nonstoichiometry, the charge carriers in LnSF55 may be either electrons or holes or both. Therefore, the general expression for the electrical conductivity must involve the components related to both electrons and electron holes: 
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Log PO 2 (atm) Figure 2 Nonstoichiometry of PSF55 at different temperatures. where e is elementary charge, l is mobility and subscripts correspond to the specific charge carriers. As seen from Eq. (1) both the reduced regime and the oxidized regime are governed by the same charge neutrality. A good agreement was obtained between the calculated conductivities and experimental data (Tsipis et al., 2005) at different temperatures. This indicates clearly that the point defect model proposed describes very well this material.
Since the ionic conductivities of LnSF are by several orders of magnitude smaller than the electronic conductivities, the experimental determined total conductivities can be considered in good approximation as electronic conductivities in oxidizing conditions. The decrease of the electrical conductivity with increasing temperature reflects the decrease of the concentration of free electron holes tetravalent Fe ions. The same trend was obtained for the concentration of charge carrier Fe 4+ versus oxygen partial pressure (Fig. 5) . The comparison of this behavior with oxygen nonstoichiometry measurements suggests that it is correlated with the increasing of concentration of Fe 4+ . A similar behavior has been observed for various others compounds La 0.6 Sr 0.4 Co 0.8 Fe 0.2 O 3Àd (Wang et al., 2003) and La 0.4 Sr 0.6 CoO 3Àd (Bucher et al., 2001) . The conductivity increases with oxygen partial pressure while it decreases with increasing oxygen nonstoichiometry.
At constant temperature a p-type pO 2 -dependence of r is observed in the oxidizing pO 2 -range. In this respect, a small polaron hopping mechanism involving the transfer of holes, Fe 4+ which are generated by the oxidation of B-site ions from (3+) to (4+) (Eq. (6)) or by charge disproportionation (Eq. (7)) has been suggested (Tai et al., 1995) . This is qualitatively in agreement with the decrease of p-type charge carriers Fe 4+ with increasing oxygen nonstoichiometry d predicted by the defect model (Fig. 5 ). This behavior can be explained by the fact that the conductivity was strongly affected by two parameters: concentration of charge carrier and its mobility which decrease with increasing d.
In that model, the thermopower is estimated by using the Heikes formula valid for broadband conductors:
where k is Boltzmann constant, e is the elementary charge, N p is the density of states and p is the number of electron holes per unit formula.
Using our point defect model, we have calculated the seebeck coefficients values for two temperatures. Oxygen content dependence of thermopower (a) of PSF55 is presented in Fig. 6 . The thermoelectric power values are all positive, indicating p-type conduction in oxidizing conditions. A good agreement was observed of the calculated thermopower with the experimental data (Kharton et al., 2007) . This result supports well the proposed mathematical approach and the suggestion that holes are the dominant charge carriers in LnSF.
Thermodynamic considerations
The chemical potential l 0 of oxygen in oxide LnSF is equal to that of exterior gas: 2l 0 ðoxideÞ ¼ l 0 ðgasÞ ð 11Þ
And we have
The free molar energy of oxygen is given by the following equation:
So
Using partial molar enthalpy DH 0 and partial molar entropy DS 0 , we have:
From (Eqs. (13) and (14)), we obtain:
These quantities are calculated for LnSF55 using the equilibrium constants versus oxygen nonstoichiometry d. The dependencies of the partial molar enthalpy and entropy on the oxygen deficiency in the solid phase are in all probability evidence of a random distribution of oxygen vacancies over the crystallographic sites. The values of partial molar enthalpy indicate that oxygen incorporation in the lattice is more favorable for samples with lanthanum than praseodymium. They show also that the difference in rare earth elements affects strongly the energy of the oxygen exchange process, which is mainly determined by the oxidation state of the iron ions. A slight decrease of enthalpy was observed for the two cases with increasing nonstoichiometry. This is due mainly to interactions among oxygen ions which become weak when d increases. This behavior was similar to that found in SrFe 1Àx W x O 3Àd system (Markov et al., 2008 ). An increase of molar partial entropy versus oxygen nonstoichiometry was obtained which indicates that oxygen vacancies in LnSF55 are randomly distributed in the crystal lattice. These results confirm very well the mathematical approach proposed for describing the behavior of these oxides at different temperatures and under oxidizing conditions.
Conclusion
The obtained data from TG experiments support the proposed defect model for the oxidation behavior of Ln 0.5 Sr 0.5 FeO 3Àd (Ln: La, Pr). This model indicates that at high pO 2 electronic compensation occurs by a transition of Fe 3+ to Fe 4+ , whereas ionic compensation takes place at lower pO 2 by the formation of oxygen vacancies.
The incorporation of Lanthanum in A sites decreases oxygen vacancy concentration and increases stability of the oxide. The conductivity of LnSF55 system was mainly due to p-type charge carriers Fe 4+ which act as traps. The calculated thermoelectric power values are all positive, indicating p-type conduction in oxidizing conditions. A good agreement was observed of the calculated conductivity with experimental data.
Partial molar enthalpies values indicate that oxygen dissolution in the lattice is more favorable for samples with lanthanum than praseodymium. The dependencies of the partial molar enthalpy and entropy on the oxygen deficiency in the solid phase indicate that oxygen vacancies in LnSF55 are randomly distributed in the crystal lattice.
